The frequency dependence of effective resistance of the respir-
The uneven ventilation appearing in healthy lungs may be classified into two types : the one arising in the anatomical units such as lobes, segments and subsegments, and the other observed between the lung regions in which mechanical properties are either dependent on or independent of gravity. ENGEL et al. (1974) suggested through compartment analyses of expired gases collected from peripheral airways after a breath of oxygen that the major factors causing uneven ventilation is inhomogeneity of mechanical time constants within the anatomical units.
On the other hand, SASAKI et al. (1977) found that the frequency dependence of compliance studied in healthy subjects was less dominant in an erect position than when supine. Since the dependence also increased in the seated posture by reducing the lung volume voluntarily, these authors postulated the cause of the phenomenon to be the volume difference of functional residual capacities between both these body postures. When the lung volume is reduced, both resistance and compliance increase. Thus, inhomogeneous distribution of time constants, the product of resistance and compliance, would be anticipated to arise in the lungs if the gas volumes contained in lung regions are different. The distribution of inspired gas to lung regions is believed to be determined primarily by the vertical gradient of pleural pressure and the nonlinear nature of the static pressure-volume relationship of the lungs . Hence, dispersion of time constants is anticipated to appear between the apical and basilar regions of upright lungs, and between the abdominal (anterior) and dorsal (posterior) sides of horizontal ones. Several workers, however, have suggested that there might be a regional difference in lung elasticity independent of gravity between the apical and basilar lobes (FARIDY et al., 1967; BAKE et al., 1967) . Indeed, the preceding works reporting insensibility of closing volumes and capacities to posutral changes (LEBLANC et al., 1970 ; CRAIG et al., 1971; CORTESE et al., 1976 ) cannot be explained by gravitational effect alone, since the pleural pressure gradient per lung height is known to be constant regardless of body posture KANEKO et al., 1966) , while the lung height varies from posture to posture.
The present study was intended to estimate characteristics of inhomogeneous distribution of time constants appearing in healthy lungs and to analyze the influence of factors affecting the inhomogeneity, such as gravity or lung volume change. The time constant theory of OTIS et al. (1956) suggests that the effective resistance also falls with an increase in the breathing frequency when inhomogeneity of time constants appears, and several workers demonstrated experimentally such a dependence of airway resistance on patients with obstructive lung disease (GRIMBY et al., 1968 ; CUTILLO et al., 1973 ; MIYAMOTO et al., 1975) . We measured the resistance of the total respiratory system using a forced oscillation technique at different frequencies and lung volumes in seated and supine subjects. Likewise, as in the case of dynamic compliance, the frequency dependent resistance tells nothing as to the locus where the inhomogeneity arises. In the present study, the distribution of regional ventilations to the lungs was estimated from circumference changes in the chest wall induced by forced oscillation and transthoracic electric impedance changes during voluntary ventilations with different frequencies.
13.5-liter spirometer of Benedict-Roth type ; the CO2 absorption chamber was previously removed. Starting from the FRC, the subject inspired up to total lung capacity (TLC), then expired until residual volume (RV), then he occluded the airway. During the breath-holding period he converted his body posture from seated to supine, then repeated the vital capacity maneuver once more, and finally returned to the FRC. The lung volumes at both body postures could thus be determined by combining the FRC value obtained plethysmographically with the spirometer tracing. In order to avoid lung volume change caused by the respiratory quotient during the breath-holding period and CO2 accumulation in the spirometer, the measurement should be finished within an short a period as possible.
The acoustic impedance and resistance of the respiratory system in response to a sinusoidal transthoracic pressure change were determined using the apparatus shown schematically in Fig. 1 . The subject breathed room air via a bypath consisting of a solenoid valve and short tubing with a large bore. Inspired and expired gas volumes were continuously monitored by integrating the output signals of a pneumotachograph which was inserted between the mouth and the valve. At the instant when the lung volume reached the level desired for measuring the impedance or resistance, the valve was closed and the airway was now connected to a piston pump designed to give a sinusoidal volume change. The pump began to displace to-and-fro with a stroke volume fixed at 50 ml and a frequency previously set between a range from 0.9 to 7.2Hz. The pump was driven for 5 to 10 sec, and during the period the oscillatory pressure arising in the closed circuit was measured at the mouth together with the oscillatory flow through the pneumotachograph by respective manometers. Since the oscillation extended to a rather high range in the present study, inertance of the measuring system should be kept at as small a level as possible in order to avoid artifacts. For this purpose, the resistant element of the pneumotachograph of conventional Fleisch type was replaced by a 
RESULTS
Effect of changes in body posture on lung volume Subdivisions of lung volume studied in seven subjects in seated and supine postures are given in Table 1 . When the body posture was changed from upright to horizontal, the TLC, VC and FRC were reduced by 3.4 %, 5.0 % and 25.0 %, respectively while the RV remained unchanged. Frequency characteristics of the respiratory system Acoustic impedance of the respiratory system in response to forced oscillation and the phase angle between oscillatory flow and pressure were determined in four subjects at respective FRC levels of seated and supine postures. The results are summarized in Figs. 2 and 3. Open circles and solid lines represent averaged values for the seated posture, while closed circles and dots indicate those for supine posture. These symbols will commonly be used in the following drawings when it becomes necessary to compare the results obtained from both body postures on the same scale. Bars along each point represent the range of standard deviation. The resonant frequency estimated from zero-crossing points of the frequencyphase angle relationships was 4.7 Hz for seated subjects and 4.1 Hz for supine, and the impedance determined at resonance were 3.9 and 6.5 cmH2O/liter/sec for both postures, respectively. Although the postural difference between the impedance values was observed throughout the frequency range studied, it became somewhat insignificant at both the extremes. Specific conductance was also cal- smoker. On the other hand, there appeared no significant frequency dependence in the impedance change for the upper region. The frequency dependence of impedance was also studied in the supine posture, the results of which, however, were not significantly different from those of the seated posture.
DISCUSSION
Lung volumes were observed to decrease with the postural change from seated to supine, obviously in the FRC and slightly in both the TLC and RV. The results were in good accordance with the preceding work reviewed by BRISCOE (1965) . There are three reasons why lung volume should change in the supine posture: 1) The diaphragm elevates up to its maximally cephalad position since the downward pull on the diaphragm by the weight of the abdominal contents is now removed; 2) the transverse and anteroposterior diameters of the chest increase; and 3) the systemic blood is poured out of the dependent veins when supine and is stored in the lungs. Most observers invoke the third mechanism to explain the reduced lung gas volume in the supine posture. The motility reflex of the chest to enlarge the thorax would not be strong enough to compensate for the volume reduction caused by pulmonary congestion.
The resonant frequency of the respiratory system was found to lie between 4 and 5 Hz, common in both body postures. This was compatible with 4.5-7 Hz reported by PESLIN et al. (1975) , 5.8 Hz by DuBois et al. (1956b) , 5-8 Hz by FISHER et al. (1968) and 5-7 Hz by GRIMBY et al. (1968) , but is slightly lower than 8 Hz observed by MICHAELSON et al. (1975) and LANDSER et al. (1976) . Resistance at the FRC determined from impedance at resonance was 3.9 and 6.5 cmH2O/liter/sec in the seated and supine postures, respectively. The present resistance value for the seated posture was slightly higher than those appearing in the literature, many of which gave an order of 2 to 3 cmH2O/liter/sec (FISHER et al., 1968; GRIMBY et al., 1968; GOLDMAN et al., 1970; MICHAELSON et al., 1975; PESLIN et al., 1975; STANESCU et al., 1975 ; ARONSSON et al., 1977) . On the other hand, published data for resistance studied in the supine posture are scarce. The present value was slightly higher than 4.6 cmH2O/liter/sec reported by DuBois et al. (1956b) but much lower than 9 cmH2O/liter/sec by BERGMAN and WALTEMATH (1974) who studied anesthetized, paralyzed and artificially ventilated subjects. Since the specific conductance was found to be still greater in the seated posture than in the supine by about 30 %, the postural difference of the resistance values cannot be solely explained by changes in the FRC appearing in the seated and supine postures. HOGG et al. (1972) found in dogs that raising the left atrial pressure increased the resistance of peripheral airways at a given lung volume. These workers suggested that there could be competition for space between the vessel and airways in the broncovascular sheath of the lungs. When the vessels dilate in size by pulmonary vascular congestion, this may compress the airways and increases their resistance. The present results may support this suggestion since the pulmonary capillary blood volume is generally believed to increase in the supine posture. However, there remains the possibility that other factors, such as constriction of upper airways or an increase in the muscular tone of the thorax caused by the vagus reflex, may contribute to increase the resistance of conscious humans in the supine posture. A change is relative position among the lungs, diaphragm and abdominal contents should occur in the trunk when supine, and this may also be responsible for the phenomenon. Unfortunately, we have now no satisfactory data to quantitate the complicated correlationship among these factors.
The measurement of frequency dependence of dynamic compliance is believed to be one of the adequate techniques for the purpose of detecting the uneven distribution of time constants. However, as was partially reviewed by SASAKI et al. (1977) , the question of whether esophageal pressure obtained with the balloon technique could be an accurate representation of pleural pressure in the supine posture was not fully resolved, since the mediastinal structure might compress Japanese Journal of Physiology the esophagus. Although the frequency-dependent resistance obtained by the present forced oscillation technique seems free from the point discussed above, it also involves several problems that can be criticized. First, the frequency dependence of the pulmonary resistance may be influenced by the tissue resistance of the thorax if it also varies with frequency since the oscillation technique measures total respiratory resistance. ALBRIGHT and BONDURANT (1965) observed such a frequency dependence of the chest wall resistance in seated subjects who were artificially ventilated in a body respirator with a frequency up to 2 Hz. On the other hand, GRIMBY et al. (1968) demonstrated on healthy and diseased upright subjects a flat response of the chest wall resistance in a range from 3 to 9 Hz using the forced oscillation technique. We suppose that the discrepancy may have been caused by the volume difference of the ventilation in the techniques adopted since the displacement of the chest wall in response to forced oscillation is usually far less than that appearing in the body respirator, although there remains a possibility that the chest wall resistance is actually frequency-dependent at a range less than 2 Hz. Secondly, the reactance component involved in the acoustic networks of the respiratory system may influence the effective resistance. FINUCANE et al. (1975) observed that resistance of peripheral airways of healthy subjects consistently increased with frequency. These authors attributed the cause thereof to inhomogeneity of the lung mechanics chiefly due to distensible airway walls that have both capacitive and inertial reactance. This effect seems, however, not so serious in the measurement on the total respiratory system since MICHAEL- SON et al. (1975) did not observe such an increase in resistance on his healthy subjects up to 50 Hz, and the same was true for LANDSER et al. (1976) , at least up to 10 Hz. Although inertance of the respiratory system, which is chiefly due to the mass of the thorax and that of oscillatory gases in the airways, is reported to influence the frequency dependence of dynamic compliance (BOBBAERS et al., 1975) , the inertial effect on resistance is believed to be negligible (FINUCAN et al., 1975; Tsai et al., 1977) . Although frequency dependence of resistance is generally accepted to appear in patients with obstructive lung disease, the majority of previous works including our previously published reports failed to demonstrate such a dependence in healthy subjects (GRIMBY et al., 1968; CUTILLO et al., 1973; MIYAMOTO et al., 1975; STANESCU et al., 1975) . A few investigators, however, found a slight decrease in resistance with increasing frequency in healthy subjects, i.e., LANDSER et al. (1976) in upright subjects in a frequency range up to 8 Hz and TSAI et al. (1977) in supine dogs up to 16 Hz. We suppose an inertial component involved in the measuring apparatus may be partially responsible for the discrepancy. We found in a preliminary experiment that the conventional Fleisch-type pneumotachograph was inadequate for the present purposes because the phase shift between the oscillatory pressure and flow considerably increased in a frequency range higher than 5. 
